Abstract. Highly maneuverable aircraft has redundant electrohydraulic actuators that generate the forces to drive the aircraft control surfaces. Two problems are important in these actuators. First, during reconfiguration of the actuator channels the hydraulic system works in the full range of its parameters. It leads to strongly nonlinear models of the redundant servo. Second, the frequency bandwidth of elements, which are located in the feedback loop of the servo, should be as wide as possible. Therefore, it is necessary to choose proper control method for actuator, where the controller of control system adjusts the set point signal. The advanced control methods can ensure the new quality of the systems. The new, advanced methods can cope with such problem in practical applications. There are available: adaptive methods, predictive methods, etc. and first of all, the robust control methods. These methods are robust on external disturbance. The causes of disturbances are very different: the inaccuracy in the mathematical and simulation model, the change of the operation point, the weather and temperature conditions, etc. We have designed such models in the Matlab/Simulink environment and we divided the full actuator into small subsystems.
Introduction
At present, the advanced control methods are implemented in actuator applications. The methods are: predictive, adaptive, fuzzy-logic, and robust control method. The last one has the special property: the system can work in the wider range of the set point, and the method is more robust on the uncertain. So far, the control systems in electro hydraulic actuator use the simply control laws, i.e. the proportional or PID control laws. The usage of the methods is limited by electromechnical technology that was widely implemented in technical applications. The advanced methods are so complex, that they can be only realized in digital technology. So more, the digital, microprocessor technology is more flexible. At present, the microprocessor systems have the wider computational possibility than earlier ones. They can fast process the complex algorithms. The second advantage of the use the digital technology is its flexibility. It means that we can modify control laws simply by changing the software instead the hardware as it is in case of the analog technology. So, we implemented the microprocessor technology with robust control algorithm in electrohydraulic actuator. The parameters (i.e. bandwidth) of the system are better than the system with the traditional controller. In this paper we deal with a robust control method for nonlinear dynamical model of electrohydraulic servo-drive. The mathematical analysis of physical effects in servo-drive was carried out. It allowed us to introduce the different kinds of controllers. We designed the robust control law by using the procedures of the Matlab Toolboxes.
Robust Control Theory
The proper formulation of the problem is the main step during the analysis of control systems. Therefore here, we introduce the definitions of functions that are commonly used during the description of the robust control method. In the Fig.1 there is shown the diagram of control system that is used frequently in the practical applications. Based on this figure we can describe the following functions: open-loop function L(s), sensitivity function S(s), complementary sensitivity function T(s), and control function R(s) [1, 2, 3] :
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Where: G(s) is the transfer function of the control plant; K(s) is the transfer function of the controller. The selection of the weight functions is the most important problem in robust theory. They are the most convenient means to reflect the different system performances particularly in the case of multivariable system design. First, some components of a vector signal are usually more important than others. Second, components of the output error signal have different physical sense, for example pressure, voltage, distance, etc. Also, we might be primarily interested in decrease of errors in a certain frequency range (i.e. for low frequencies). Thus, some frequency-dependent weights must be chosen [2, 3] . The full configuration of the closed-loop system with weight functions is presented in Fig. 2 . The weight functions are chosen in such a way to create the systems parameters that are able to fulfill the assumptions. So, the weight disturbances W o (s) and W i (s) describe the contents of the disturbances d i and d o or they may be used to model disturbance power spectrum that depends on the nature of signals involved in the practical systems. The weight W n (s) describes the frequency model of the sensor noise. From the opposite side, the weight W e (s) reflects the requirements put on the shape of the closed-loop transfer functions, i.e. on the shape of the output sensitivity function. Similarly, the weight W u (s) describes some restrictions put on the control or actuator signals. The last weight W r (s) is an optional element used to achieve deliberate shape of command or to represent a non-unity feedback system in an equivalent unity feedback form [3] .
The next problem in the robust control theory, shown in Fig.2 , is to formulate control laws described by the following equations (2).
Where: W e -"performance" weight describes the desired disturbance attenuation factor; W u and W y are the respective sizes of the largest anticipated additive and multiplicative plant perturbations.
The robust controller design problem can be formulated as follows: Given a state space realization of a plant P(s) find a stabilizing feedback control law u 2 =K(s) y 2 such that the norm of closed-loop transfer function matrix (3) is small [3] .
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The design problem can be formulated in three ways:
• Optimal H ∞ control: min(||T y1u1 || 2 ≤ 1);
• Standard H ∞ control: min||T y1u1 || ∞ ;
• Optimal H 2 control: min||T y1u1 || 2 . Optimal H 2 control method algorithm finds a positive -feedback controller for an augmented system such that the H 2 -norm of the closed-loop transfer function matrix T y1u1 is minimized. Equation (4) and the functional diagram of H 2 method describe the system [4] . 
The next robust control method in the design of the proper controller is the standard H ∞ control algorithm. This method solves the small-gain infinity norm robust control problem. It finds the stabilizing controller for augmented system P(s) such that the close-loop transfer function satisfies the infinity-norm inequality:
In contrast to the H 2 problem, a solution of the infinity-norm control problem does not exist for every P(s). Error messages such as "Riccati solver fails" are possible indications that the augmented system P(s) arises from singular-value Bode plot specifications that are infeasible or, possibly, those certain other well-posed conditions have been violated [4] . The third robust control problem is named the optimal H ∞ control method. In this algorithm the H ∞ norm is computed numerically from a state-space realization as the smallest value of γ. The H ∞ "γ-iteration" computes the optimal H ∞ controller using the loop-shifting two-Riccati formulate.
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In summary, the minimizing the H ∞ norm corresponds to minimizing the peak of the largest singular value, whereas minimizing the H 2 norm corresponds to minimizing the sum of the square of all singular values over all frequencies [2] . The properties of the norm are confirmed in practical.
The Investigation Process
We implemented robust control methods for the nonlinear dynamical model of electro-hydraulic actuator. The main components of electro-hydraulic actuator are shown in Fig.4 . The actuator consists of: controller, main-piston displacement sensor, and electro-hydraulic actuator with servovalve. The pressure in hydraulic cylinder actuates the main-piston with attached mass m [kg]. The theoretical and computer simulation results were repeated during experimental investigations. The actuator was investigated for two levels of pressure supply and for few levels of flow rate. The performance of closed-loop system for robust control laws and for the PID controller was recorded and compared.
The lab stand, shown in Fig. 5 , is constructed to realize the investigations of control methods of the electro-hydraulic actuator. It consists of: acquisition and control system, actuator, and pressure supply. The acquisition and control system bases on dSpace platform with DSP processors. The DSP is programmed to realize the control process of actuator according to the task algorithm. The acquisition of measured diagnostic signals is the second task of the dSpace system. There are the following signals: operating pressure, temperature of oil, displacements of main-piston, and displacement of servo-valve piston. The system can also record the other signals that are essential from the point of view of control problems. The system is supplied by operating pressure in the range of 0 ÷ 31 MPa and fluid flow rate is in the range of 0 ÷ 0,2·10 -3 m 3 /s (0 ÷ 12 l/min). In the Fig. 6 experimental characteristics of the electro-hydraulic servo drive with robust controller are presented. The investigation results are compared with PID controller and with the linear model. In Fig. 6 there are presented the Body diagram for three kinds of flow rate parameter, i.e. Q 2L = 0,033·10 -3 m 3 /s (2 l/min), Q 3L = 0,05·10 -3 m 3 /s (3 l/min) and Q 4L = 0,0667·10 -3 m 3 /s (4 l/min). The frequency rate of the analysis is 1÷10 Hz. The bandwidth for system with robust controllers is wider than for others. Only for flow rate Q 2L these characteristics are similar. For this flow rate the system has different gains and cut-off frequencies. Only for the system with PID and robust H ∞opt controllers we have the gain 0 dB. For others the gain parameter is higher and came to about 1 dB [1] .
For the flow rate Q 3L the system bandwidths for system with robust controllers are wider about 30 %, than for PID controller. The best cut-off parameter has a system with optimal robust controller and it is 2,65 Hz. The results for gain parameters are similar than earlier.
The most interesting results are presented in the Fig. 6 for the flow rate Q 4L . The system with H 2 controller has the widest bandwidth and there consists 7,25 Hz. It means it is almost twice (100 %) wider than in the case of PID system (3, 8 Hz) . The characteristics have the resonant pick for 3,2 Hz. The pick amounts to 3 dB [1] .
The investigation results of these characteristics are differential for step responses. For robust controllers (H 2 and H inf ) the signals are unsatisfactory. The responses for different level of input signals are wrong. The system was strongly disturbed and the step responses are more oscillatory. In summary, the most useful system in practical applications is the servo-drive with optimal robust controllers. This system has the best dynamic and static parameters. 
Summary
In the paper we have used a robust control method to control the hydraulic servo-actuator. We designed the robust control law by using the procedures of the Matlab/Simulink and Toolboxes. The robust control method allows us to take into account many disturbances that deteriorate the closeloop system's performance and can also destabilize it. The control laws obtained by the robust methods are so complex, that they can be only implemented in fast microprocessor controllers.
The hydraulic actuator was investigated for different levels of pressure supply, flow rate and for different control laws. It is appeared that the actuator with robust control laws has wider bandwidth (more than 30 %) in comparison to system with PID controller. This feature is valid for all kinds of robust controllers. Bigger differences are received in the case of time characteristics. The actuator with optimal robust controller has the best performance, while the performance of other kinds of controllers seems to be unsatisfactory.
It appears that the actuator with robust controller works properly in the wide range of the operation point parameters. The experimental investigation results are compared the earlier mathematical and simulation analyses.
